This study determined how contour interaction (the degradation of visual acuity by the presence of nearby contours) is affected by the incessant retinal image motion that occurs in observers with congenital nystagmus (CN). Visual acuity was measured for single, high-contrast, black Landor Cs, presented without and with flanking bars (contour-to-C separation = 1, 2, 5 or 10 multiples of the gap width of the C). Stimuli were presented against either a white or a black surround. For comparison, acuity was also determined in normal observers, with and without motion of the stimulus to simulate the retinal image motion in jerk CN. The results show that the peak magnitude of contour interaction (the maximal degradation in acuity attributable to contour interaction) is significantly larger in the observers with CN than in normals. When acuity targets are presented against a black surround, contour interaction also occurs over a wider spatial extent in the observers with CN. Imposed image motion increases the extent of contour interaction in normal observers, but not sufficiently to account fully for the results of the observers with CN. We suggest that the additional contour interaction found in observers with CN may be attributable to the presence of amblyopia. For a small contour-to-C separation, contour interaction is significantly greater when stimuli are presented against a black rather than a white surround. Consequently, single-letter acuity may be appreciably underestimated clinically when an adjustable window is used to isolate letters on a projected acuity chart.
INTRODUCTION
Visual acuity is often pc, orer when it is measured using an entire chart of letters, compared to when the chart is masked down to a single row, or when the letters within one row are isolated and presented singly. The increased difficulty in identifying a visual target when it is embedded in an array of targets, compared to when it is presented alone, is referred to as the crowding effect or separation difficulty (Stuart & Burian, 1962; Maraini, Pasino & Peralta, 1963; Flom, 1991) . However, even when single letters are presented, nearby contours such as flanking bars or edges can affect lLhe measured acuity (Flom, Heath & Takahashi, 1963a; Flom, Weymouth & Kahneman, 1963b) . The effect of nearby contours on the resolution of a single visual target is referred to as contour interaction (Flora et al., 1963a,b) . Contour interaction, along with inaccurate fixational eye movements and divided attention, have been suggested to underlie the crowding *College of Optometry, University of Houston, Houston, TX 77204-6052, U.S.A. [Email HBedell@uh.edu] . tTo whom all correspondence should be addressed.
effect (Flom et al., 1963b; Kothe & Regan, 1990; Flom, 1991) .
Contour interaction is a phenomenon that is ubiquitous in spatial vision. In addition to letter acuity, contour interaction has been demonstrated to affect two-bar resolution (Takahashi, 1967) , vernier discrimination (Westheimer & Hauske, 1975; Levi, Klein & Aitsebaomo, 1985; , stereopsis (Butler & Westheimer, 1978) and line orientation sensitivity (Westheimer, Shimamura & McKee, 1976) . The common results from these studies are 3-fold. First, there is a critical region surrounding the visual stimulus within which the interference produced by the flanking contours is maximal. Second, contour interaction persists under dichoptic testing conditions, indicating that its origin is primarily cortical rather than optical or retinal (Flom et al., 1963a; Westheimer & Hauske, 1975; Westheimer et al., 1976; Butler & Westheimer, 1978) . Third, the effect is contrast-dependent, in that contours of higher contrast interfere more strongly with spatial thresholds (Westheimer & Hauske, 1975; Kothe & Regan, 1990; Pascal & Abadi, 1994) .
Contour interaction can be quantified in terms of its magnitude* (i.e. the decrement in performance that occurs when interfering targets are present) and extent [i.e. the lateral spread of the effect (Flom et al., 1963b; Flom, 1991) ]. Previous studies showed that the magnitude of contour interaction varies non-monotonically with the separation between the target and the interacting contours (Flom et al., 1963b; Westheimer & Hauske, 1975; Westheimer et al., 1976; Butler & Westheimer, 1978; Flom, 1991) . For resolution acuity, contour interaction is maximal when the target-to-contour separation is 1-2 times the minimum angle of resolution (MAR) and decreases for both larger and smaller separations (Flom et al., 1963b) . In the fovea, contour interaction extends to a target-to-contour separation of about 5 times the MAR. In the periphery, both the magnitude and extent of contour interaction are greater than in central vision (Jacobs, 1979; Wolford & Chambers, 1984; Toet & Levi, 1992) .
The aim of this study was to evaluate both the magnitude and extent of contour interaction on letter acuity in individuals with congenital nystagmus (CN). Despite the substantial amplitude and rapid velocity of retinal image motion that results from the incessant to-and-fro eye movements, visual acuity in CN generally falls in the range of 20/25 to 20/80 unless an additional visual abnormality, such as albinism, coexists. An important determinant of visual acuity in persons with idiopathic CN is the duration of the foveation periods of the nystagmus waveform--the brief intervals of relatively low eye-velocity when the target is imaged on or near the fovea (Dell'Osso, 1973; Dell'Osso & Daroff, 1975; Abadi & Worfolk, 1989) . Presumably, acuity depends on the duration of foveation periods because of the limit that this duration imposes on temporal summation. In persons with idiopathic CN, a relation has also been found between acuity and the position variability of foveations, defined as the standard deviation of image positions with respect to the fovea during foveation periods that span several seconds (BedeU, White & Abplanalp, 1989) . One reason why position variability may degrade visual acuity is that different letters on a chart may be imaged at the same foveal locus from one foveation period to the next, thereby producing confusions.
Although the duration and the position variability of foveation periods are known to play an important role in limiting visual acuity in persons with CN, the effect of these parameters on contour interaction remains unknown. Takahashi (1967) reported that visual resolution worsens and the magnitude of contour interaction increases in normal observers if the stimulus (two dark bars) is exposed for only 50 msec, compared to longer durations. This result suggests that *Flom (1991) used the term intensity to describe the performance decrement attributable to contour interaction. To avoid confusion with the intensity of nystagmus, or image motion (i.e. the amplitude x frequency, with unit deg/sec), in this paper we will use the term magnitude instead.
the magnitude of contour interaction could be greater in individuals with CN than in normal observers, particularly if the duration of foveation periods is brief. In addition, the impairment of visual acuity that results from the position variability during foveation periods might reasonably be expected to depend upon the spacing between items on the chart, as well as on the amount of position variability. In addition to assessing the influence of contour interaction on visual acuity in observers with CN, we made comparable measurements in normal observers with (and without) retinal image motion simulating that which is present in CN. These results from normal observers provide an estimate of how contour interaction is affected by retinal image motionper se. Our stimuli were single black Landolt Cs with flanking vertical and horizontal bars, presented against either a white or a black surround. Landolt Cs and flanking bars presented against a white surround represent the conventional 'stimulus configuration used to examine contour interaction (e.g. Flom et al., 1963a,b; Hess & Jacobs, 1979; Jacobs, 1979) . We included stimuli presented against a black surround to mimic the adjustable window frequently used clinically to isolate single letters on a projected acuity chart. Our clinical observations indicated that some patients with CN have pronounced difficulty in reading single letters that are isolated in this way.
METHODS

Stimuli
Visual acuity was measured psychometrically using single Landolt Cs presented from projected slides as black letters on a white background of 35 cd/m 2. The Landolt Cs were of high contrast (ca. 80%) to simulate typical clinical optotypes and because contour interaction is maximized with high-contrast targets (Kothe & Regan, 1990; Bailey, Raasch, Koh, Hetland & Park, 1993; Pascal & Abadi, 1995) . The angular size of the Cs ranged from a log MAR (logarithm of the minimum angle of resolution) of -0.3 to 1.2 (20/10 to 20/320 Snellen notation), in 0.1 log MAR steps. Contour interaction was produced by centrally framing each individual Landolt C within the outline of a black square, the thickness of which was equal to the gap width (MAR) of the letter. We presented the Cs with their flanking contours against either a white or a black surround (see Fig. 1 ). The white surround had a diameter of 11.5 deg. The black surround (luminance = 0.11 cd/m 2) was intended to mimic the clinical situation in which an adjustable window in a project-o-chart projector is used to present isolated acuity targets.
Contour interaction was examined for five contour-to-C separations. The contour-to-C separation is defined as the distance between the Landolt C and its surrounding edges or lines, expressed as a multiple of the gap width (Flom et al., 1963b ; see also Fig. 1 ). The five contour-to-C separations used in this study were 1, 2, 5 and 10 times C D -.q~-
Contour-to-C Separation
(a) 'Im:eraction-fa'ee' stimulus Co) Stimulus with a white surround (c) Slimulus with a black surround FIGURE 1. Schematic diagram of the stimuli. In reality, the angular subtense of the Landolt C and its framing contours is small compared to the surrounding white or black field. The stroke-and gap-width of each Landolt C and the width of the framing contour are all equal to one-fifth of the letter-width, MAR, along with an "interaction-free" (C with no flanking contours) condition. Each size of Landolt C could be presented in one of four possible orientations (up, fight, down or left) by projection through a rotatable mirror system, optically analogous to a Dove prism.
Observers and testing procedures
Four observers with idiopathic CN and six observers with normal vision participated in this study. Clinical information and eye-movement parameters for the observers with CN are given in Table 1 . Written informed consent was obtained from each subject after the procedures of the experiment were explained, and prior to the commencement of data collection. The observer, with his/her head restrained by a head and chin rest, was seated at a distance of 4.1 m from the screen onto which the Landolt Cs were projected. The observers with CN viewed the Landolt Cs directly with both eyes, while the normal observers viewed the stimuli monocularly after reflection from a mirror galvanometer (General Scanning, model G330) mounted close to the right eye. To measure the acuity of the normal observers in the presence of image motion simulating that in CN, the mirror galvanometer oscillated around a vertical axis (Currie, Bedell & Song, 1993) . Acuity without imposed image motion was measured while the mirror was stationary. The task of the observer was to identify the orientation of the gap in each Landolt C. Viewing time was unlimited, although prompt responses were encouraged. In each testing session, stimuli were presented against either the white or the black surround. Acuities for each contour-to-C separation were measured in a block of trials, and the five separations were tested in a random order. Stimuli were presented using the method of constant stimuli, with Cs of 4-6 different sizes shown in a pseudorandom order within one block. Each size of Landolt C was presented 16 times, 4 for each orientation. Visual acuity corresponding to the 50% probability of correct recognition, after correction for guessing, was determined by probit analysis from the psychometric frequency-of-seeing function constructed from each from one cycle to the next (Fig. 2) . The computer program calculated the magnitude of the position variability of the waveform, defined as the standard deviation (SD; in arc min) of the positions of the zero-velocity portions. All of the simulated CN waveforms had a frequency of 4 Hz, as this is typical of the frequency of idiopathic CN (Yee, Wong, Baloh & Honrubia, 1976; Dickinson & Abadi, 1985; Abadi & Worfolk, 1989; Bedell & Loshin, 1991) and is more rapid than pursuit tracking can follow (Wheeless, Cohen & Boynton, 1967; Currie et al., 1993) . Although neither the frequency nor the amplitude of simulated jerk-CN waveforms were found to influence visual acuity in a previous study (Currie et al., 1993) , we included both 2 and 8 deg amplitudes of image motion to approximately match the amplitudes of our CN subjects. The durations of the simulated foveation periods were 40 and 120 msec.
To determine whether the position variability of the foveation periods in CN enhances the magnitude of contour interaction, we compared visual acuity for the different contour-to-C separations in our normal observers with and without a position variability of 44 arc min added to the simulated foveation periods. We chose 44 arc min of added position variability as a limiting value because, in a previous study, only 2 of the 10 patients with idiopathic CN exhibited horizontal position variability of foveation periods greater than this amount (Bedell et al., 1989) .
RESULTS
block of trials. Each datum presented in this paper represents the average value of the 50% acuity threshold obtained from at least two separate sessions, on separate days.
Imposed image motion
To investigate whether the retinal image motion present in CN exaggerates contour interaction, we measured visual acuity in three normal observers with retinal image motion simulating that present in jerk nystagmus. This was accomplished by driving the mirror galvanometer, from which the Landolt C targets were viewed, with an accelerating ramp waveform (Dell'Osso & Daroff, 1975; Abadi & Dickinson, 1986; Abadi & Worfolk, 1989) . This waveform was composed of a zero-velocity portion, designated as the "simulated foveation period", followed by three ramp-portions of increasing velocity, and then a rapid-velocity segment in the opposite direction to simulate the fast phase of jerk CN (see Fig. 2 ). The duration of the simulated foveation period could be varied independently of the frequency and amplitude of the waveform.
The accelerating ramp waveform was produced using the arbitrary waveform capability of a programmable function.generator (Hewlett-Packard, model 3314A), controlled by a PET 4032 microcomputer. This arbitrary waveform capability allowed construction of a series of simulated-nystagmus cycles in which the position of the zero-velocity portion of the waveform varied randomly
Normal observers
Visual acuity in log MAR is shown as a function of the contour-to-C separation (multiples of MAR) for our six normal observers in Fig. 3 , for Landolt Cs presented against white and black surrounds. Note that the interaction-free conditions (single C without flanking contours) represent identical testing conditions for the white and black surrounds, but the data were obtained in separate sessions. With the exception of one observer (MF) who exhibited essentially no contour interaction, acuities measured with Cs against a white surround are most affected by nearby contours at a contour-to-C separation of 2 times MAR. The adverse effect of nearby contours disappears (indicating the spatial extent of contour interaction) at a contour-to-C separation of 5 times MAR (i.e. the width of a single C). The peak magnitude of contour interaction (worst acuity in the presence of flanking contours -interaction-free acuity) for Cs presented against a white surround is about 0.05 log unit. Note that this 0.05 log unit is equivalent to half a line difference in acuity. For acuities measured against a black surround, the effect of contour interaction at small contour-to-C separations is different from that obtained with the white surround. Specifically, contour interaction has a maximal adverse effect at a separation of 1 times MAR for Cs presented against a black surround, where it produces an average reduction in acuity of about 0.14 log units. To compare contour interaction at different contour-to-C separations for the two different surrounds, oo Contour-to-C separation (multiples of MAR) FIGURE 3. For the six normal observers, visual acuities (log MAR) are plotted as a function of the contour-to-C separation for stimuli presented against a white (left) and a black (right) surround. Error bars are _+ 1 SEM of each datum point. The data for different functions are displaced slightly with respect to each other on the abscissa for clarity. The "oo" symbol on the abscissa represents the "interaction-free" condition.
we normalized the acuities at the different separations to that of the interaction-free condition, which was assigned a value of 0.0 log MAR. These normalized acuities, averaged across observers, are presented in Fig. 4 , which shows that the only significant difference in acuities measured at different contour-to-C separations for the two surrounds occurs at a separation of 1 times MAR (ttd.f.=,0 ] = 10.11; P < 0.001). This difference in acuity is about 0.16 log units.
Observers with CN
For the observers with CN, the effect of nearby contours on measured Landolt C acuity is presented in FIGURE 4. Contour interaction functions are comiaared for stimuli presented against white and black surrounds. Visual acuities are the average of the six normal observers at each contour-to-C separation, normalized with respect to the acuity for the interaction-free condition (assigned a value of zero). Error bars are _ 1 SEM of each datum point. A significant difference in actdty for stimuli presented against a white and a black surround exists only for a contour-to-C separation of 1 times MAR.
the interaction-free acuities. In general, the acuities of the observers with CN are worse when measured against a black rather than a white surround, for most of the contour-to-C separations. This effect is demonstrated more clearly in Fig. 6 , where the acuities at different separations are normalized to the respective interactionfree acuity of each observer. For comparison, the 95% confidence intervals (mean acuity _+ 2.52 SDs, based on a t-statistic with 5 d.f.) of the normalized contourinteraction functions of the normal observers are shown as the shaded regions. For Cs presented against a white surround, two of the observers with CN (FR and AJ) exhibit a contourinteraction function that is wider in extent (extending to a separation between 5-10 times MAR) than that of the normal observers. Although the peak magnitude of the contour-interaction functions for all of the observers with CN falls within the 95% confidence interval for the normal observers, for three of the observers with CN (FR, AJ and JH) the peak magnitude is near the upper limit of the normal interval. On average, the peak magnitude of the contour-interaction effect with a white surround is about 0.11 log units for the observers with CN, which is significantly larger than the average effect found for the normal observers (ttd.f. = sl = 3.68; P = 0.006).
For Cs presented against a black surround, the extent of the contour-interaction functions is also wider than normal (up to a separation of at least 10 times MAR) in three of the observers with CN (FR, AJ and CFN). Like the normals, the peak magnitude of contour interaction occurs for a contour-to-C separation of 1 times MAR in the observers with CN. However, two of the observers with CN (FR and AJ) exhibit a greater-than-normal magnitude of contour interaction, and the other two observers with CN (CFN and JH) exhibit magnitudes thai are close to the upper limit of the normal observers' 95% confidence interval. For the four observers with CN, the peak magnitude of contour interaction averaged 0.24 log units, which is significantly greater than the average of the 
lmage motion in normal observers
In order to determine whether the exaggerated contour interaction shown in the observers with CN can be attributed to the image motion that accompanies their eye movements, we examined the effects of contour interaction in three normal observers during image motion simulating that in jerk nystagmus. In addition, we tested whether adding position variability to the simulated foveation periods of the imposed image motion enhanced the contour-interaction effect. A comparison of the contour-interaction functions obtained in normal observers with and without image motion is presented in Fig. 7 . First, as expected (Brown, 1972; Reading, 1972; Westheimer & McKee, 1975; Demer & Amjadi, 1993) , acuities obtained with image motion are worse than those obtained without image motion, and more so for a simulated foveation period of 40 msec rather than 120 msec (Currie et al., 1993) . Second, a comparison of the shapes of the contour-interaction functions in Fig. 7 shows that the spatial extent of contour interaction is greater with than without image motion, particularly for targets presented against a black surround. However, the peak magnitude of contour interaction in the normal observers does not increase with image motion, i.e. the maximum impairment of acuity is about 0.04 log units against a white surround and about 0.1 log units against a black surround. Third, although adding _ 44 arc min of position variability during simulated foveation periods has a detrimental effect on acuity, it does not markedly influence the magnitude or extent of contour interaction. Specifically, acuity worsens by approximately the same amount for the different contour-to-C separations when position variability is added. Fourth, the addition of position variability to the simulated foveation periods has only a small effect on acuity when the foveation duration is 40 msec (average --0.02 log units, but significantly less for Cs against a white surround), but produces a consistent additional acuity loss of about 0.06 log units when the foveation duration is 120 msec. Our results indicate a smaller decrease in acuity with added position variability than the 0.2 log MAR change (for position variability of 48 arc min and a foveation duration of 150 msec) reported by Currie et al. (1993) . A methodological difference that could account for this difference is that our acuity targets were single Landolt Cs whereas Currie et al. (1993) used projected S-charts, consisting of eight Landolt Cs in a matrix of tumbling Es (Flom et al., 1963b) . On these projected charts, each C or E is separated by one letter-width, equivalent to 5 times MAR. To determine whether the smaller effect of added position variability that we found could be attributed to this difference in the stimuli, we remeasured acuity for the three normal observers whose results are shown in Fig. 7 with the same parameters of image motion, but using projected S-charts. For these three observers, the addition of position variability to the simulated nystagrnus waveform produced a very similar decrease in visual acuity for both types of targets.
If image motion were the sole factor accounting for the reduced visual acuity and exacerbated contour interaction in observers with CN then, once image motion was equated, similar acuities and contour-interaction functions should be obtained from normal observers and observers with CN. Figure 8 compares the shapes of the contour-interaction functions obtained from individual observers with CN to those of the normal observers under comparable conditions of image motion, after normalization with respect to the interaction-free acuity. The data shown for the normal observers are those with + 44 arc min of position variability during simulated foveation periods, which represents the worst-case scenario for these observers. Visual acuities for both sets of observers under the interaction-free condition are listed in Table 2 . This table shows that the visual acuities of two of the observers with CN (CFN and JH) are similar to that of normal observers, under conditions of comparable image motion. Further, the magnitude and extent of CFN's and JH's contour-interaction functions are also similar to normal observers during image motion, except at the smallest contour-to-C separation when the targets were presented against a black surround. However, the results of the other two observers with CN (FR and A J) differ from those of the normal observers. Both FR and AJ exhibit poorer overall acuities and greater magnitudes of contour interaction at small contour-to-C separations than normal observers', with comparable image motion. These results indicate that image motion accounts only partially for the increase in contour interaction that occurs in observers wi~h CN. Acuities measured against a black surround at the smallest contour-to-C separation remain consistently worse in observers with CN than in normal observers, even when the image motion is comparable.
Vertical-horizontal anisotropy
The acuity data presented to this point (Fig. 3 to Fig. 8 and Table 2 ) have been pooled for Landolt Cs with vertical (up and down) and horizontal (right and left) gaps. However, observers with horizontal CN have been found to exhibit bette:r sensitivity for horizontally than vertically-oriented targets on a number of visual tasks, including contrast sensitivity and grating acuity (Abadi, 1974; Abadi & Sandikcioglu, 1975; Bedell & Loshin, 1991; , sensitivity to line-orientation (Ukwade, Bedell & White, 1993) and hyperacuity (Ukwade & Bedell, 1994) . To determine whether a vertical-horizontal ani~sotropy exists also for letter acuity, or for the magnitude of contour interaction, we analyzed the data for the observers with CN separately for Landolt Cs with gaps oriented vertically and horizontally. Separate analyses were also performed for the acuity data of the normal observers, for the conditions in which image motion had the greatest effect on visual acuity: 40 msec simulated foveation duration with ___ 44 arc min added position variability, both for 2 and 8 deg amplitudes of motion. These analyses revealed that the acuity of one of the observers with CN (FR) was slightly but consistently better for Landolt Cs with vertical than horizontal gaps. However, the peak magnitude of observer FR's contour interaction did not differ for vertical vs horizontal gaps (Table 3) . Neither the acuity nor the peak magnitude of contour interaction differed systematically with gap orientation in any of the other three observers with CN or in the three normal subjects who were tested with image motion simulating that in CN. Indeed, the contourinteraction functions constructed for Landolt Cs with horizontal and vertical gaps were essentially identical in shape. Overall, then, these analyses fail to support the existence of a systematic vertical-horizontal anisotropy in Landolt C acuity or in contour interaction as a consequence of the horizontal image motion that occurs in observers with CN.
DISCUSSION
Magnitude and extent of contour interaction in CN
Our finding that the magnitude of contour interaction is greater in observers with idiopathic CN than normal observers agrees with results reported recently by Pascal and Abadi (1995) , who speculated whether the increased effect is a consequence of the retinal image motion present in CN. Our results obtained for normal observers under conditions simulating the retinal image motion in CN indicate that image motion per se accounts for the poorer acuity and exacerbated contour interaction in only some observers with CN. Another contributing factor may be a sensory deficit, or amblyopia, which has been suggested to degrade visual acuity in CN (Abadi, 1974; Abadi & King-Smith, 1979; Currie et al., 1993) . This amblyopia is presumably a consequence of the incessant image motion coupled, in many instances, with sizeable astigmatic refractive errors during the period of visual plasticity in early life (Mitchell, Freeman, Millodot & Haegerstrom, 1973; Bedell & Loshin, 1991) . Studies of contour interaction in human amblyopes indicate that the observed effect depends on the type of amblyopia that is present. Both the magnitude and the extent of contour interaction were found to be enhanced in strabismic amblyopes, as in normal peripheral vision, when letter acuity targets were used (Hess & Jacobs, 1979) . Strabismic amblyopes also show an anisotropy in the two-dimensional extent of contour interaction (D. M. Levi & A. Toet, personal communication) which, again, mimics that present in normal peripheral vision (Toet & Levi, 1992) , and differs from the results of anisometropic amblyopes (A. Levi & D. M. Toet, personal communication) . The enhanced contour interaction shown by our observers with CN, even after scaling with respect to the interaction-free acuity, is qualitatively similar to that exhibited in normal peripheral vision, and is more reminiscent of the results for strabismic than anisometropic amblyopia. Pascal and Abadi (1995) reported that acuity was slightly better for Landolt Cs with horizontal than vertical gaps in a sample of six subjects with idiopathic CN. Their explanation for this anisotropy was that the incessant to-and-fro retinal image motion in CN produces less blur in Cs with horizontal than vertical gaps. Overall, our results indicate no consistent effect of letter orientation on acuity in CN; however, one of our observers (FR) exhibited a small but consistent anisotropy opposite to that reported by Pascal and Abadi. Observer FR is a compound hyperopic astigmat with substantial with-therule astigmatism (Table 1) . If uncorrected, this refractive error would produce blur ellipses that are elongated vertically on his retina, thereby decreasing sensitivity to horizontally-oriented contours. Of course, FR wore his optimal refractive correction during our acuity measurements, like all of our observers. Nevertheless, his high astigmatic refractive error is likely to have produced a meridional amblyopia (Mitchell et al., 1973) if present during early life. We suggest that the small anisotropy in acuity found by Pascal and Abadi may have resulted from meridional amblyopia for vertical contours in their observers (who may have been preponderantly myopic astigmats), rather than from a differential blur of vertical and horizontal Landolt-C gaps because of image motion.
Vertical-horizontal anisotropy
Image motion and position variability in normal observers
In agreement with the results of Currie et al. (1993) , we found that visual acuity is impaired in normal observers by image motion simulating that in jerk CN and more so when the simulated foveation period is short (40 msec) than when it is long (120 msec). Our novel result is that the spatial extent (but not the magnitude) of contour interaction increases in normal observers with retinal image motion. The increased extent of contour interaction may result, in part, from masking produced by the moving contours of the flanking square as they traverse the previous position of the stationary C on each simulated foveation period. As shown in Fig. 7 , more contour interaction occurs at large contour-to-C separations during image motion against a black rather than a white surround. A possible explanation for this difference is offered below.
We also confirm the finding that the addition of position variability to simulated foveation periods has a detrimental effect on normal observers' visual acuity, although we found a smaller decrease in acuity than did Currie et al. (1993) . Specifically, Currie et al. (1993) reported that acuity decreased by about 0.2 log MAR when _+ 48 arc min of position variability was added to a simulated jerk nystagmus waveform with simulated foveation periods of 150 msec. Acuity decreased less when the simulated foveation periods were briefer. In comparison, we found a decrease of 0.06 log MAR with the addition of a similar magnitude of position variability for 120 msec simulated foveation periods, and about 0.02 log MAR for 40 msec simulated foveation periods. These decrements in visual acuity were the same for single Landolt Cs and for projected charts identical to those used by Currie et al. (1993) , indicating that the smaller effect of position variability on acuity in this study probably results from individual differences among subjects. We speculate that added position variability decreases acuity less for short than for long simulated foveation periods because of a "floor effect". Essentially, acuity is decreased when the duration of the simulated foveation period is shortened, leaving less opportunity for the addition of position variability to degrade acuity further. This explanation assumes that the detrimental effects on acuity of short foveation periods and position variability do not summate; instead, acuity may be primarily limited by one or the other of these factors.
Because contour interaction depends critically upon the spacing between adjacent stimuli, we hypothesized that adding position variability to the simulated foveation periods might enhance the contour-interaction effect. However, our results show that neither the extent nor the magnitude of contour interaction increase in normal observers when _+44 min arc of position variability is added to the simulated foveation periods of imposed image motion. We conclude that the position variability during foveation periods in observers with CN does not contribute substantially to increased contour interaction.
White vs black surround
Visual acuity for small contour-to-C separations is consistently worse when measured against a black rather than a white surround, in observers with CN as well as in normal observers, with and without imposed image motion. We suggest that the varying level of light adaptation produced by alternate exposure to the large black surround and the small white patch in which the Landolt C is presented result in poorer acuity when the surround is black. Craik (1939) determined that visual acuity depends critically upon the luminance difference between the test target and the previous adapting field. In particular, acuity is best when the adapting and test fields are equal or nearly equal in luminance and declines when the adapting field is sufficiently higher or lower in luminance. For the difterence in luminance between the adapting (surround) and test (the region immediately around the C) fields in this study, Craik's results indicate that acuity should be reduced by about 0.25 log units from the value achieved when the adapting-and test-field luminances are equal. This reduction is more than the difference in acuity that we found for black and white surrounds at the smallest contour-to-C separation, which may be a consequence of incomplete adaptation. Craik (1939) presented acuity targets for 2 sec and allowed 1-5 min between trials for adaptation to be restored.
In our experiment, we presume that adaptation varies when the same retinal locus receives alternating exposures of the black surround and the white target patch. These alternating exposures result from nystagmus eye movements in the observers with CN and from fixational eye movements in the normal observers, supplemented by imposed image motion in the experimental conditions simulating CN. To illustrate that image motion produced by fixational eye movements is adequate to vary the level of adaptation, consider that a Landolt C corresponding to 0.0 log MAR has a diameter of 5 arc min. At a contour-to-C separation of 1 times MAR, the size of the entire white patch in which this C is presented is only 7 arc min. Consequently, any fixational eye movement greater than 3.5 arc min is sufficient to shift a retinal location that had been viewing a part of the black surround to the center of the Landolt C,. and vice versa. Assuming that the SD of the eye position during normal fixation is about 5 arc min in both the laorizontal and vertical directions (e.g. Ditchburn & Foley-Fisher, 1967; Steinman, 1976) , any specified retinal location will fall outside a square, 7 arc min in width, approximately 63% of the time. At larger contour-to-C separations, normal fixational eye movements are less likely to shift the image of the C onto a retinal locus that wa's previously exposed to the black surround, and much less difference would be expected between the acuities measured against black and white surrounds. However, variability in image position is greatly exacerbated in CN and simulated CN. Consequently, even though the letters corresponding to the acuity threshold also increase in size, it is not surprising that visual acuity is reduced in the presence of a black surround even at the larger contour-to-C separations. Takahashi (1967) examined the effect of dark flanking bars of varying lateral extent on a two-line resolution task. Her results indicate that resolution improves at small contour-to-line separations (less than about 2 arc min), even when the flanking bars extended to the edge of her 2,2 deg field (the condition most similar to our black surround). One possible reason for the difference between our results and hers is the task: reading Landolt Cs is a recognition task, whereas Takahashi's two-line target involves resolution. A more likely explanation is that although Takahashi's flanking bars extended laterally to the edge of the field, they were only about 11 arc rain in height, and the entire surrounding region was white. As a result, random fixational eye movements would be much less likely than in our experiment to image the resolution target at a retinal locus that had previously been adapted to a section of a dark bar.
Clinical implications
The use of an adjustable window to isolate letters on a projected acuity chart is a frequently adopted clinical strategy for minimizing contour interaction between adjacent items on the chart. It is common to measure acuity of amblyopic patients this way, as they are well known to be more affected by the crowding effect than normal observers (Stuart & Burian, 1962; Flom et al., 1963b; Maraini et al., 1963) . Our purpose in making acuity measurements with a black surround was to mimic the use of an adjustable window to isolate single letters on a projected chart.
Contrary to the widely held belief that acuity generally improves when letters are presented singly within a window, our findings indicate that contour interaction is avoided only when the contour-to-C separation exceeds at least 5 times MAR. For smaller contour-to-C separations, a black field outside of the windowed area may augment the deleterious effect that contour interaction has on acuity. Specifically, our results indicate that single-letter acuity is reduced in patients with CN by up to 0.24).3 log units (equivalent to 2-3 lines) when measurements are made with a nearby black surround. Considering that patients with CN exhibit contour interaction over a wider-than-normal spatial extent, the use of an adjustable window to present isolated letters is unlikely to improve visual acuity in these patients, unless it does so by reducing letter miscalls that result from inaccurate fixation. We therefore recommend against using an adjustable window to isolate projected letters unless the separation between the letter(s) and the edges of the window is considered. Optimally, single-letter acuity should be measured using a mask with the same luminance as the background of the acuity chart.
